Photosynthetic light reactions rely on the proper function of large protein complexes (including photosystems I and II) that reside in the thylakoid membrane. Although their composition, structure, and function are known, the repertoire of assembly and maintenance factors is still being determined. Here we show that an immunophilin of the cyclophilin type, CYP38, plays a critical role in the assembly and maintenance of photosystem II (PSII) supercomplexes (SCs) in Arabidopsis. Mutant plants with the CYP38 gene interrupted by T-DNA insertion showed stunted growth and were hypersensitive to high light. Leaf chlorophyll fluorescence analysis and thylakoid membrane composition indicated that cyp38 mutant plants had defects in PSII SCs. Sucrose supplementation enabled the rescue of the mutant phenotype under low-light conditions, but failed to mitigate hypersensitivity to high-light stress. Protein radiolabeling assays showed that, although individual thylakoid proteins were synthesized equally in mutant and wild type, the assembly of the PSII SC was impaired in the mutant. In addition, the D1 and D2 components of the mutant PSII had a short half-life under high-light stress. The results provide evidence that CYP38 is necessary for the assembly and stabilization of PSII.
T
he light reactions and attendant evolution of oxygen in photosynthesis are carried out by four multisubunit protein complexes residing in the chloroplast thylakoid membranes: photosystems I (PSI) and II (PSII), cytochrome b 6 f complex, and CF O -CF 1 complex (1-3). For a complete understanding of the photosynthetic process, it is essential to understand the biogenesis and maintenance of the participating complexes. Earlier studies on thylakoid protein supercomplex (SC) assembly, especially PSII, concentrated on the role of stromal factors, such as the translation and import machinery (4) , because only a limited number of proteins were known to reside in the thylakoid lumen. However, recent proteomic findings suggest a population of 80-100 proteins in that compartment (5) (6) (7) . The immunophilin family is one of the predominant groups identified.
Immunophilins were originally discovered in their capacity as cellular receptors for immunosuppressive drugs: cyclosporin A and FK506 (8, 9) . The receptors for cyclosporin A and FK506, named cyclophilins (CYPs) and FK506-binding proteins (FKBPs), respectively, were collectively designated as immunophilins. A common feature of most immunophilins is the associated peptidyl-prolyl cis-trans isomerase activity that catalyzes the cis-trans conversion of X-Pro peptide bonds, a rate-limiting step in protein folding (8) . These proteins are now known to occur widely in organisms ranging from bacteria and fungi to animals and plants. Studies in animal and plant systems have uncovered diverse functions of immunophilins, such as protein foldases, chaperones, and scaffolding facilitators. They also possibly have unknown catalytic capabilities (10, 11) .
In Arabidopsis, genes encoding 52 putative immunophilins have been identified: 23 FKBPs and 29 CYPs (12) . This group is by far the largest immunophilin family identified in any organism. A striking feature of Arabidopsis immunophilin family is that a large fraction is localized in the chloroplast, possibly explaining why the immunophilin family is more extensive in plants than animals. At least 16 immunophilins (11 FKBPs and 5 CYPs) were identified in the thylakoid lumen (5, 6, 12) , with little known of their function. The presence of such a large number of immunophilins with protein-folding capability suggests that these enzymes play a central role in the assembly and maintenance of protein complexes, such as the two photosystems whose subunits reside in or at least contact the thylakoid lumen. This possibility has been strengthened by a recent study showing a requirement for one of the FKBPs, 20-2, for the maintenance of PSII (13) . The present study shows that a member of the other immunophilin family in the thylakoid lumen, a CYP, is essential for assembling and stabilizing PSII. The results provide evidence for a function of a CYP in chloroplasts.
Results and Discussion
Identification of cyp38 Mutant Alleles. To identify their function, we isolated multiple Arabidopsis T-DNA insertion mutants for each immunophilin in the thylakoid lumen and screened them for potential defects in growth under greenhouse conditions (longday cycle with light intensity Ϸ150 mol⅐m Ϫ2 ⅐s Ϫ1 ). Three T-DNA insertion alleles for the gene encoding a 38-kDa CYP, CYP38 (At3g01480), were obtained. One allele, referred to as cyp38-1, contained a T-DNA insertion in the promoter region of the gene. The second allele, cyp38-2, had a T-DNA insertion in the sixth exon of the coding region (ϩ2,236 bp), and a T-DNA insertion was found in the seventh exon (ϩ2,506 bp) in the third allele (cyp38-3) (Fig. 1A) .
RT-PCR analysis showed that the promoter insertion line (cyp38-1) had a significantly reduced level of the CYP38 transcript (Fig. 1B) . The mRNA of CYP38 was not detectable by using RT-PCR in either cyp38-2 or cyp38-3, indicating that these two alleles are null mutants. All three mutant alleles showed reduced growth and pale green leaves compared with wild type when grown under low-light conditions (25-35 mol⅐m Ϫ2 ⅐s Ϫ1 ), and the phenotype of the cyp38-2 and cyp38-3 null mutants was more severe than that of the cyp38-1, which was concluded to be a weak mutant (Fig. 1C) . The chlorophyll content in the null mutants is Ϸ60% of the wild type based on fresh weight.
To demonstrate that the phenotype of cyp38-2 was attributable to the mutation of the CYP38 gene, we conducted complementation experiments with the cyp38-2 mutant as background by using a 6-kb genomic fragment containing a 2.5-kb promoter region, the 2.6-kb full-length gene sequence, and the 900-bp downstream sequence. The transgenic plants (cyp38-2C) displayed wild-type growth, thus confirming that growth defects in cyp38-2 resulted from mutation of the CYP38 gene (Fig. 1C) . We also carried out a complementation test with a CYP38 cDNA and found that it rescued the mutant as well (data not shown).
During the isolation of homozygotes from the cyp38-2 and cyp38-3 mutants, we noticed that the mutants were sensitive to high-light stress and died at an early stage unless cultivated under low light. To investigate the light sensitivity of these mutants, wild-type and mutant plants were transferred to high light after being grown initially for 7 weeks under low light. Two days after exposure to 300 mol⅐m Ϫ2 ⅐s Ϫ1 light, the mature leaves of the null mutants (cyp38-2 and cyp38-3) started to wilt, whereas the weak mutant (cyp38-1) showed a typical high-light stress phenotype, shrinking and becoming purplish. Wild-type and complemented plants also showed a slightly purplish phenotype because of the accumulation of anthocyanins (14) , but they grew well nonetheless (Fig. 1D) .
Previous proteomic data suggested that CYP38 is included in the chloroplast luminal proteome (5, 6) . Its orthologue in spinach, TLP40, also was found to be localized in the chloroplast lumen and, further, was proposed to function in the phosporylation of thylakoid proteins (15) (16) (17) . The CYP38 also shares homology with PAP-I, a protein purified from the pea and was hypothesized to be an essential factor for RNA poly(A) polymerase (18) . Amino acid sequence analysis identified several related proteins from cyanobacteria and algae, but not from fungi or animals, suggesting conservation among photosynthetic organisms. The protein features a C-terminal CYP domain and a leucine zipper at the N-terminal half (12, 15) .
Because the two null alleles showed a similar phenotype, which was more severe than that of the weak allele, we chose one of them, cyp38-2, for subsequent experiments to dissect the defects in the cyp38 mutants. Results from experiments characterizing the mutant (phenotype, 2D gels, and immunoblots) were consistently similar with cyp38-3 (data not shown).
Chlorophyll Fluorescence Analysis Reveals Defects in PSII Function in the cyp38 Mutants. The mutants' stunted growth and sensitivity to high light suggested a possible defect in photosynthesis. To pursue this possibility, we measured chlorophyll fluorescence to assess photosynthetic electron transport in the leaves of whole plants. The F v /F m ratio, which represents the maximum efficiency of PSII photochemistry, was remarkably reduced in the mutant (0.65 in the mutant vs. 0.82 in the wild type), suggesting that the PSII is photodamaged or misassembled even under low-light growth conditions. ⌽PSII, the quantum efficiency of PSII photochemistry at different photon flux densities (19) , also was decreased in the mutant (Fig. 2 Top), indicating a lower efficiency of photosynthesis and thus suppressed growth. Nonphotochemical quenching (NPQ), a reflection of the plant's ability to dissipate excess light energy as heat (20) , was found to be similar in mutant and wild-type plants under low-light intensities (Յ200 mol⅐m Ϫ2 ⅐s Ϫ1 ) (Fig. 2 Middle). However, at light intensities of Ͼ400 mol⅐m Ϫ2 ⅐s Ϫ1 , the NPQ of the mutant was significantly higher than that of the wild type. Further analysis revealed that the additional NPQ was not rapidly reversible, indicating that the increased NPQ is due to a larger component of photoinhibitory quenching in the mutant. The energydependent quenching was similar in the mutant and wild type (data not shown). The parameter, 1-qL, which is considered to be a better parameter than 1-qP to reflect the redox state of the Q A electron acceptor of PSII (21), was lower in the mutant (Fig.  2 Bottom) . This result indicated a more oxidized plastoquinone pool in the mutant, a response likely due to a deficiency of PSII rather than downstream defects. Taken together, the chlorophyll fluorescence analyses suggested that the cyp38 mutation affected PSII function.
The PSII SC Is Compromised in cyp38 Mutants. The defects in photosynthesis displayed by the cyp38 mutants were possibly caused by a reduced level or malfunction in protein complexes in the electron transport chain. To examine this possibility, we analyzed mutant and wild-type thylakoid membranes by using 2D gel electrophoresis involving blue native (BN)/PAGE followed by SDS/PAGE. BN gels developed with mutant and wild-type preparations containing equal amounts of chlorophyll revealed significant differences in the accumulation of PSII SCs, which were obvious in the wild type but almost absent in the mutant (Fig. 3A) , thus confirming defects in the PSII of mutant plants. By contrast, the LHCII monomer band was more abundant in the mutant, which is not surprising because equal chlorophyll amounts were loaded onto the gel. Furthermore, the band corresponding to the monomeric PSI and CF O -CF 1 complex was more abundant in the mutant.
The SDS/PAGE gel following the BN gel revealed details in individual protein components of the SC of the mutant and wild type that were not apparent in the BN gel. For instance, the mutant contained only trace amounts of PSII core proteins, whereas these components were abundant in the wild type (PSII SC in Fig. 3 ). In the right center area of the gel, mutant plants had more of the components corresponding to LHCII trimer and unassembled proteins than the wild type. Thus, LHCII proteins were distributed much less in the left, PSII SC (assembled) area and more in the low molecular weight (unassembled) area, especially in the LHCII monomer form.
To analyze protein differences between the mutant and wild type further, we applied immunoblotting to assess key components of each of the four major complexes of the chloroplast thylakoid membrane quantitatively: PSII, PSI, cytochrome b 6 f, and CF O -CF 1 . We prepared total protein and thylakoid membrane fractions from both mutant and wild type and probed them with antibodies against subunits of each complex: D2 and D1 for PSII, CF 1 ␣ for CF O -CF 1, PsaD and PsaF for PSI, and Cytf and Rieske (PetC) for Cytb 6 f complex.
The results summarized in Fig. 4 showed that the D2 and D1 proteins of PSII were reduced in both the total protein (T) and membrane (M) fractions of the mutant. However, although the level in the total protein fraction appeared not to change, the PSI subunits of the mutant, PsaD and PsaF, were significantly reduced in thylakoid membranes. The level of CF 1 ␣ in the membrane fraction of the mutant also was decreased, although the level of total protein appeared not to change. The Cytb 6 f complex displayed similar patterns at the level of Cytf and Rieske subunits in the mutant and wild type. This result, which generally agrees with the 2D BN/SDS analysis, suggests that the PSII, PSI, and CF 1 complexes in the mutant were compromised to various degrees, whereas the Cytb 6 f complex was unaffected. Consistent with the in vivo chlorophyll fluorescence analyses, the results suggest that the cyp38 mutants had primary defects in PSII, whereas the altered levels of PSI and CF 1 subunits were likely due to secondary effects of PSII deficiencies as described in other PSII mutants (22, 23) .
cyp38 Mutants Display Defects in the Assembly of PSII SCs. The reduced level of PSII SCs in the mutants could be attributed to (i) reduced synthesis or assembly or both, or (ii) increased degradation. We followed several approaches to distinguish these possibilities.
Clearly, cyp38 mutants showed both severe defects in components of their thylakoid membranes and lower photosynthetic activity. Thus, the stunted phenotype of the mutant as well as its hypersensitivity to high light could be due to secondary effects of the mutation resulting from insufficient energy needed for normal nourishment. To distinguish between primary defects due to lack of CYP38 and secondary defects caused by a deficiency in the products of photosynthesis, we supplied wildtype and mutant plants with 2% sucrose as a source of carbon to support normal growth and development. Fig. 5A shows that, when grown on half-strength MurashigeSkoog (MS) medium for 4 weeks under low light without sucrose, cyp38-2 plants grew much less than their wild-type counterparts (Fig. 5A) . By contrast, in the presence of 2% sucrose, both plant types grew normally (Fig. 5B) . However, when light intensity was increased, the mutant plants shown in Fig. 5B became bleached  (Fig. 5C) . Thus, while rescuing the stunted growth phenotype of the mutant, the addition of sucrose failed to mitigate its sensitivity to high-light stress, suggesting that this defect is caused primarily by a lack of the CYP38 protein.
To identify the PSII defects, we conducted BN/PAGE analysis of the thylakoid membranes from the cyp38 and the wild-type plants grown with 2% sucrose under low light. The gels revealed that differences still existed (Fig. 5D ) but to a much lesser degree compared with soil-grown plants (Fig. 3A) ; that is, the mutant showed a reduced level of PSII-LHCII SCs (PSII SC bands 1, 2, and 5) and of the band containing PSI monomer ϩ PSII dimer (PSI, PSII-D). Interestingly, immunoblot analysis revealed no significant differences between wild-type and cyp38-2 mutant plants in the content of components of the PSII, PSI, CF O -CF 1 , and Cytb 6 f complexes: D1, PsaD ϩ PsaF, CF 1 ␣, and Cytf ϩ Rieske (Fig. 5E ). This similarity suggested that the reduced level of certain individual subunits observed in the soil-grown plants was caused by secondary effects resulting from reduced nutrition status. The analyses indicated that, provided a source of carbon, the cyp38 mutant resembled the wild type in being able to synthesize individual protein components of the photosynthetic membrane complexes. However, unlike the wild type, the mutant did not assemble the PSII SCs in the same pattern as the wild type, thereby leading to decreased accumulation of the complexes.
To distinguish between synthesis and assembly, we monitored the biosynthesis and assembly of subunit proteins in photosynthetic complexes directly by radiolabeling. Detached primary leaves from sucrose-grown plants were fed [ 35 S]Met, and cycloheximide was applied to inhibit the synthesis of nucleus-encoded proteins so that only chloroplast-encoded proteins were labeled (22) . When the thylakoid membranes were resolved by SDS/ PAGE, the protein patterns of the mutant and wild-type plants were similar with respect to content and density of the individual bands (Psa A ϩ B, CF 1 ␣, CF 1 ␤, CP47, CP43, D2, and D1) (Fig.  6A) . However, when the membrane preparations were analyzed by BN/PAGE, much lower levels of newly formed PSII SCs were observed in the cyp38 mutant relative to wild type, especially in the gel exposed to film (Fig. 6B) . In addition, a band corresponding to PSII dimer (PSII-D) in the wild type was essentially missing in the mutant. Based on the protein radiolabeling results, we concluded that the ability of the mutant to synthesize thylakoid membrane proteins was similar to the wild type. However, the cyp38 mutant plants were impaired in the assembly of the PSII SC.
cyp38 Mutants Also Display Defects in the Stability of PSII SCs. The in vivo radiolabeling experiments demonstrated defects in the PSII assembly in the mutant, but did not exclude the possibility that the mutant PSII SCs had a shorter half-life compared with wild type. To test whether the CYP38 protein is important for PSII maintenance, we monitored the levels of several thylakoid membrane proteins by immunoblotting. We used leaves from sucrose-grown plants, in which protein biosynthesis was inhibited with lincomycin (chloroplast-encoded proteins) and cycloheximide (nuclear-encoded proteins). Under these conditions, a reduced level of a particular protein reflects its degradation. Under low light, the level of proteins examined (CF1␣, D1, PsaD, PsaF, and Cytf ) did not significantly decrease in either the mutant or wild type (Fig. 7A) . By contrast, under high light (300 mol⅐m Ϫ2 ⅐s Ϫ1 ), the levels of the D1 and D2 components of PSII were dramatically reduced in the mutant, whereas the levels of members of the other complexes were similar (monitored by CF 1 ␣, PsaD, PsaF, Cytf, and Rieske) (Fig. 7B) . The results suggest that D1 and D2 were degraded to a greater extent in high light in the absence of CYP38 possibly because of a defect in the assembly of the PSII SC. Therefore, they emerge as targets highly susceptible to photodamage as in earlier studies (24, 25) .
Concluding Remarks. Because the structures of the photosynthetic membrane complexes of chloroplasts have been described in x-ray crystallography analyses (26, 27) , it becomes increasingly important to understand the mechanisms underlying their assembly and maintenance. To this end, it is essential to identify and understand the proteins that function in the assembly and maintenance of the supermolecular complexes that catalyze this energy conversion in nature. Earlier work has shown that proteins functional in the translation and import of subunit proteins are required for the biogenesis of photosynthetic complexes (4, 28) . However, the proteins that function specifically in the assembly of the complexes have long been a mystery and are only now beginning to be identified (29) (30) (31) .
Recent studies on immunophilins of the thylakoid lumen have begun to uncover information central to the problem. Thus, potential functions of luminal immunophilins have been linked to the biogenesis of photosynthetic complexes. One, FKBP13, interacts with the Rieske protein in the accumulation of the cytochrome b 6 f complex (32) . Another, FKBP20-2, is required for the accumulation of PSII SCs (13) . Finally, as seen here, the other type of immunophilin, CYP38, is linked to the assembly and maintenance of PSII. Owing to their extensive presence in the thylakoid lumen, it seems likely that other immunophilins will be found to participate in the biogenesis and maintenance of photosynthetic complexes. (34) . For complementation by genomic DNA, a 6-kb genomic DNA fragment containing the AtCYP38 gene and the 2.5-kb upstream and 900-bp downstream sequences were amplified by PCR and cloned behind the CaMV 35 S promoter in the binary vector pCAMBIA1300. For complementation by cDNA, the coding region of the gene was amplified by RT-PCR from total RNA and cloned into pCAMBIA1301 without the GUS gene. These constructs were further transferred into cyp38-2 plants by using the floral dip method (35 
Materials and Methods

Preparation of Total Protein Sample and Thylakoid Membranes.
Arabidopsis leaf tissues were homogenized at 4°C with a mortal and pestle in 0.33 M sorbitol/10 mM EDTA/50 mM Hepes (pH 8.0). The homogenate was filtered through two layers of Miracloth (Calbiochem, La Jolla, CA), and a small portion of the filtrate was taken as a total protein sample. The remaining portion of the filtrate was used to prepare thylakoid membranes (36) .
Immunoblotting Analysis. Western blotting was performed as before (37) . In brief, protein samples corresponding to equal amounts of chlorophyll were electrophoresed through 12.5% SDS/PAGE, and protein was transferred to a nitrocellulose filter. The filter was incubated with antibodies generated against the indicated thylakoid membrane proteins and visualized by using the ECL immunodetection procedure (Amersham Biosciences, Pittsburgh, PA).
Half-Life of Thylakoid Membrane Proteins. Expanding leaves from 4-to 5-week-old Arabidopsis plants (wild type and cyp38-2) grown on the MS plates with 2% sucrose were vacuum-infiltrated with 100 g/ml lincomycin and 20 g/ml cycloheximide as indicated to block chloroplast-and nucleus-encoded protein synthesis, respectively (38) . After 30-min incubation, the leaves were illuminated under growth conditions for 0, 2, and 4 h or under 300 mol⅐m Ϫ2 ⅐s Ϫ1 for 2 h. After treatment, thylakoid membranes were isolated, and the content of the PSII proteins was determined by immunoblot analysis. The SDS/PAGE was transferred to a nitrocellulose membrane and visualized autoradiographically. BN/PAGE were dried directly with a gel drier (BioRad, Hercules, CA) and exposed to x-ray film.
